Background
Introduction
Pregnant women are deemed vulnerable to severe complications from influenza infection due to changes in the immune system and heart and lung function during pregnancy [1] . Influenza infection can also affect fetal development, leading to adverse birth outcomes [2, 3] . Based on the evidence of the landmark Mother's Gift trial in Bangladesh [4] , the World Health Organization (WHO) Strategic Advisory Group for Experts on Immunization recommended in 2012 that pregnant women be considered a priority group for influenza vaccination [5] . Many highincome countries have adopted and incorporated the WHO recommendations in their maternal-child health strategies [6] . Numerous studies have shown inactivated influenza vaccination in pregnant women to be effective at protecting women and their offspring via transplacental antibody transfer [7, 8] . The two-fold benefit of inactivated influenza vaccine in preventing laboratory-confirmed influenza infection, both in pregnant women and infants, is convincing [9, 10] , especially as it has been proven in recent, large-scale, phase 4 randomized controlled trials (RCTs) conducted in Mali [11] , Nepal [12] , and South Africa [10, 13] .
However, the influenza vaccine uptake rate varies widely, ranging between 4% and 93% [14, 15] , and concerns about the risk to the fetus are a major reason why women sometimes do not receive vaccination during pregnancy, especially in many low/middle-income countries where maternal influenza vaccination has not been incorporated into routine immunization programs [16, 17] . To present solutions for this issue, many phase 4, post-marketing surveillance or observational studies have been conducted to evaluate the fetal outcomes of preterm birth (PTB), small for gestational age (SGA), low birth weight (LBW), congenital abnormalities and fetal death. Many of those studies have suggested that influenza vaccination during pregnancy was not associated with adverse birth outcomes [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , but some reported negative [37] or positive [38] [39] [40] [41] [42] [43] [44] [45] [46] results for each of the above birth outcomes. A few systematic reviews and meta-analyses were conducted, with similarly inconsistent results; maternal influenza vaccination reduced the incidence of PTB [39, 47] , SGA, LBW [47] , and stillbirth (or fetal death) [39, 48] , but no association was found with congenital malformations [49, 50] , fetal death, or spontaneous abortion [49] . However, Vazquez-Benitez et al. raised the issue that biases in conducting observational studies of maternal influenza vaccination may lead to false positives [51] . Donzelli [52] also explicitly stated that positive results from observational studies might be due to confounding by indication and healthy-vaccine bias. Furthermore, a case-control study funded by the US Centers for Disease Control and Prevention (CDC) reported that women who were given maternal flu vaccination containing the pandemic H1N1 (H1N1pdm09) component in the prior season had an increased risk of spontaneous abortion within 28 days after the next seasonal vaccination [53] . Research is continuing into this issue, and the CDC has not confirmed that the maternal flu vaccine causes spontaneous abortion [54] .
These results indicate that the evidence for adverse birth outcomes is inconsistent and lacking methodological robustness, as it is largely dependent on observational studies. Critiques regarding the limitations of ecological studies-including statistical imprecision and clinical and methodological heterogeneity-that make them prone to substantial bias have argued that more sound research is needed, in addition to previously published systematic reviews and meta-analyses [55] . Therefore, given the large volume of observational studies and the paucity of RCTs available, we aimed to overcome the heterogeneity of studies by conducting a Bayesian hierarchical meta-analysis, and to present new evidence regarding the association between maternal influenza vaccination and adverse fetal birth outcomes.
Methods

Search strategy
A systematic literature review was conducted conforming to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) recommendations [56] . The Cochrane Library, PubMed, EMBASE, Web of Science, and Scopus were searched using the following keywords: "pregnan � ", "influenza", "vaccine," and "immunization," filtered with 'human' without limitations on the date up to May 2019. A manual review was performed to search for other relevant articles in the references of selected articles and WHO publications. The inclusion criteria were 1) human studies; 2) inactivated influenza vaccination given in any period of pregnancy; 3) reporting the target outcomes of PTB, LBW, SGA, fetal death, and congenital malformations; 4) RCTs, prospective or retrospective cohort studies, case-control studies; 5) placebo-controlled studies, and 6) the availability of full-text published articles in the English language. The exclusion criteria were 1) single-arm studies; 2) cross-sectional studies; 3) active controlled studies; 4) animal studies; 5) studies not on the target outcome, target vaccine, or target population; 6) reviews, abstracts for posters, editorials, commentaries, or letters; 7) studies not written in English; and 8) studies with no available full text.
Two independent reviewers (MS & JL) searched for and selected the final studies through consensus. An additional third reviewer (SJ) also participated in the process and reached the same consensus on the final selection.
Data items
We retrieved relevant information from the final selected studies: publication year, name of the first author, total number of participants, vaccine type (trivalent, monovalent, or MF59-adjuvant), the period when vaccines were given (pandemic or seasonal), country of the study, income level of the country where the study was conducted, study design, and the effect sizes and confidence intervals reported in the studies.
Assessment of risk of bias and publication bias
The quality of the included studies was independently assessed by 2 researchers (JL & MS). RCTs were graded by the Risk of Bias tool developed by the Cochrane Library, whereas cohort and case-control studies were assessed by the Newcastle-Ottawa Scale (NOS). Funnel plot visualization and the Egger regression method were used, since they are widely accepted tools for assessing publication bias.
Statistical analysis: Bayesian meta-analysis
A Bayesian meta-analysis was performed to assess the association between adverse birth outcomes and influenza vaccination during pregnancy. The Bayesian approach is superior to traditional meta-analyses, especially for rare adverse events [57] . In the Bayesian method, the posterior probability distribution is obtained by combining a prior distribution with a likelihood distribution from the observed data, and the quantity of interest can be directly interpreted as the probability [58] . Since this study included cohort studies, case-control studies, and RCTs, to consider the heterogeneity among study design, a hierarchical Bayesian 3-level random-effects model was used [59] . A hierarchical Bayesian random-effects model is useful when incorporating the imprecision of the variance estimates of treatment effects within studies, the imprecision in the estimated between-study variance estimate, and explicitly modeling binary outcome data [60] . The odds ratios (ORs) and 95% confidence intervals (CIs) or sample size and the count of the outcome were extracted from each study. When an adjusted OR was presented in the cohort study or case-control study, it was first extracted and used as the effect size. When the effect size was presented as a hazard ratio (HR) or relative risk (RR), it was considered as an OR. Since the underlying assumption of a generally low event risk (<20%) can be made for adverse birth events, and the HRs and RRs are very close to 1, it can be logically concluded that HRs, RRs, and ORs will be relatively close to each other [61] [62] [63] . ORs were calculated when the sample size and the number of outcomes were present in a study, and ORs were calculated after a continuity correction when there were no adverse birth outcomes in the vaccinated pregnant women or the unvaccinated pregnant women. The ORs calculated for each study were converted to log (OR) values, which were used as the effect size in the Bayesian meta-analysis.
We presented the posterior median and 95% credible interval (CrI) of the overall ORs and ORs for each study design (RCTs, cohort studies, case-control studies). The main goal of this study was to investigate whether the risk of targeted birth outcomes was lower in the vaccinated group than in the unvaccinated group. To verify this hypothesis, the posterior probability (P) of the OR being less than 1, which can also be denoted as P(OR<1), was estimated. Since a probability of 50% can be interpreted as a null effect, whereas a probability of at least 90% indicates a significantly beneficial effect of maternal vaccination in decreasing adverse birth outcomes [64] , a probability of over 90% was considered significant in this study. To explore the effects of covariates such as the vaccination period (seasonal or pandemic) and the income level of the country where the study was conducted, Bayesian meta-regression was performed. If the 95% CrI of regression coefficient did not contain 0, the covariates were deemed statistically significant.
The non-informative prior distribution was considered as the prior distribution, and the convergence of the Markov-chain Monte Carlo (MCMC) algorithm was assessed using the trace plot, autocorrelation plot, and the Gelman-Rubin statistic [65] . In total, 110,000 iterations were performed in each of three chains. The first 10,000 iterations were burn-in to eliminate the initial value effect, and each 10th value among the remaining 100,000 values was used to estimate the posterior distribution. When the posterior median of the standard deviation among studies (heterogeneity, τ) was equal to or lower than 1, the heterogeneity was deemed non-significant [66, 67] . The funnel plot method and the Egger test were used to explore publication bias in the included studies. All models were fitted in WinBUGs 1.4.3 (Medical Research Council Biostatistics Unit, Cambridge, UK) using MCMC algorithms.
Results
PRISMA flow for study selection
Among the 6,249 identified publications, 48 studies were eligible for the meta-analysis. Duplicate articles (n = 2,901) were excluded in the first step, and 3,223 articles were removed as inappropriate by title and abstract review. One hundred and twenty-five articles were eligible for full-text review. After excluding studies that did not investigate our target population (pregnant women or their infants) (n = 11) or the targeted birth outcomes (n = 47); provided inadequate information (n = 1); or were single-group studies (n = 16), an active controlled study (n = 1), or a cross-sectional study (n = 1), 48 studies were finally selected for the metaanalysis (Fig 1) . 
Characteristics of included studies
Two RCTs, 5 case-control studies, and 41 cohort studies were included. According to the world income data of the period when the studies were conducted, 6 of them were from lower/ middle-income countries [68] including 2 large RCTs (Nepal, South Africa), China, Nicaragua, Taiwan and Laos. Forty-one studies were from high-income countries [68] , mainly located in North America and Western Europe (S1 Table) .
Twenty-five studies reported birth outcomes associated with monovalent pandemic vaccination, 10 studies reported outcomes from the trivalent inactivated influenza vaccine, and the rest either did not indicate the vaccine type or indicated both types. A total of 2,387,107 pregnant women or their offspring were included in the 48 studies. The smallest study had 226 subjects and the largest had 425,944 subjects. The source of observational studies was generally pregnancy or birth or prenatal registries, vaccine registries, vaccine safety data linkage, hospital records, and surveillance data.
Quality assessment of included studies: Risk of bias and publication bias
The quality of the included studies was independently assessed by 2 researchers. RCTs were graded by the Risk of Bias tool developed by the Cochrane Library [69] (S1 Fig), whereas the NOS [70] was used to check the quality score of cohort studies and case-control studies. As the selected primary literature had a low risk of bias in the domain of baseline outcome measures and characteristics, the baseline characteristics between the two groups were similar. The reporting of results likewise had little risk. However, the risks regarding blinding, allocation concealment, and contamination were high due to the nature of observational studies. Additionally, we stratified the NOS quality score of the included observational studies according to the Agency for Healthcare Research and Quality (AHRQ) conversion standards [71] . Among 46 observational studies, 37 were of good quality and 9 studies were of fair quality (S2 Table) .
As widely accepted tools for publication bias, funnel plot visualization and the Egger regression method were used. The Egger regression method did not detect publication bias for PTB 
Association between maternal influenza vaccination and adverse birth outcomes
Each birth outcome was assessed by the Bayesian random-effects model and the risk of bias across studies (heterogeneity) was assessed by the posterior median of standard deviation among studies (SD, τ). All the studies included and evaluated in each adverse outcome showed low heterogeneity (SD close to 0) ( Table 1 ). The effects of the vaccination period (seasonal or pandemic) and the income level of the country where the study was conducted on each birth outcome were evaluated by meta-regression analyses. Only covariate of high income country in PTB analysis (beta: -0.141, 95% CrI: -0.276-(-0.004)) showed significantly protective effect and none of the other covariates showed statistically significant effects, as the 95% CrIs for their coefficients (β) included 0 (S3 Table) . However, after adjusting for the effects of covariates in cohort summary estimates, the probability (P) of protection against PTB, LBW and SGA was significantly reduced and only protective effect against fetal death remained significant (Table 1) .
Bayesian meta-analysis of PTB. Thirty-two studies, 2 RCTs, 28 cohort studies (1 cohort study [18] reported results from 2 different groups, so 29 data sets were included), and 2 casecontrol studies were included in the PTB analysis (τ = 0.094,low heterogeneity). The overall PTB risk was not significantly decreased in the vaccinated group (OR = 0.945, 95% CrI: 0.736-1.345, P = 73.3%). The risk of PTB in RCTs and case-control studies was not significantly decreased in the vaccinated group. The PTB risk in cohort studies was significantly lower in the vaccinated group (OR = 0.916, 95% CrI: 0.859-0.977, P = 99.5%) but adjusting for income level of the country in cohort estimates made the association insignificant (Table 1, Fig 2(A) , S4(A) Table) .
Bayesian meta-analysis of LBW. Seventeen studies, including 2 RCTs and 15 cohort studies (16 data sets were included from 15 cohort studies, as mentioned in the above section) were included in the LBW analysis (τ = 0.107, low heterogeneity). The overall results did not satisfy the criterion of a P(OR<1) over 90% (OR = 0.928, 95% CrI: 0.432-2.112, P = 76.6%). The results from RCTs likewise did not show a decreased LBW risk in the vaccinated group. The risk of LBW in cohort studies was significantly lower in the vaccinated group (OR = 0.932, 95% CrI: 0.864-0.998, P = 97.8%). However, adjusting for covariates by meta-regression nullified the significance in the analyses of both covariates (Table 1, Fig 2(B) , S4(B) Table) . Bayesian meta-analysis of SGA. One RCT and 23 cohort studies (24 data sets were included from 22 cohort studies as mentioned in the above section) were included in the SGA analysis (τ = 0.123, low heterogeneity). The overall results for the risk of SGA were not significant (OR = 0.971, 95% CrI: 0.249-4.217, P = 63.3%). The summary results from RCTs did not show significance. However, the cohort studies showed a significantly lower risk of SGA (OR = 0.976, 95% CrI: 0.947-1.004, P = 95.5%) in the vaccinated group than in the unvaccinated group. However, after adjusting for each covariate, the probabilities of a decreased risk of SGA were considerably reduced and became insignificant ( Table 1 , Fig  2(C) , S4(C) Table) .
Bayesian meta-analysis of congenital malformations. Nineteen studies, comprising 1 RCT, 17 cohort studies, and 1 case-control study, were included in the congenital malformation analysis (τ = 0.100, low heterogeneity). The overall summary results of congenital malformation presented a trend for higher risk in the vaccinated group than in the unvaccinated group, but without significance (OR = 1.026, 95% CrI: 0.687-1.600, P = 38.0%). None of the summary results from RCTs, cohort studies, and case-control studies were significant. No covariate (season or income level) significantly affected the association (Table 1, Fig 2(D) , S4(D) Table) . Since the information on the gestational period when the vaccination was given was only available for congenital malformation, it was analyzed as covariate for this birth outcome. Gestational period also did not have any influence on the risk of congenital malformation. The overall summary effect after adjusting for gestation periods was as follows; OR: 0.865, 95% CrI: 0.192-2.757, P = 61.8% (S5 Table) .
Bayesian meta-analysis of fetal death. Nineteen studies were included in the analysis of fetal death, including 2 RCTs, 14 cohort studies, and 3 case-control studies (τ = 0.165, low heterogeneity). The overall risk of fetal death was not significantly decreased in the vaccinated group (OR = 0.942, 95% CrI: 0.560-1.954, P = 61.6%). The summary results from RCTs and case-control studies did not show a significant association. However, cohort studies showed a significant reduction of the fetal death risk (OR = 0.822, 95% CrI: 0.718-0.931, P = 99.6%). Meta-regression on covariates did not modify the final association (Table 1, Fig 2(E) , S4(E) Table) .
Discussion
In this study, we found that inactivated influenza vaccination during pregnancy was neither associated with nor protective against the adverse birth outcomes of PTB, LBW, SGA, fetal death, and congenital malformations. We summarized results from 48 studies analyzing over 2 million subjects (pregnant women and infants). Overall, no association was found, except for the summary estimates of only cohort studies, which suggested protective effects against PTB (after adjusting for season at the time of vaccination) and fetal death(after adjusting for each covariate; season at the time of vaccination and countries' income level). The most notable finding of this study is that we did not replicate previous findings of the beneficial effects of maternal influenza vaccination on PTB, LBW, and fetal death, which a few previous systematic reviews and meta-analyses have reported [39, 47, 48] . Additionally, we found that maternal influenza vaccination was not associated with the incidence of any adverse birth outcomes, which goes hand in hand with ensuring the safety of influenza vaccination during pregnancy. The safety of maternal vaccination has always been a sensitive issue, and a report of a two-fold increased risk of spontaneous abortion (SAB) in vaccinated women in a case-control study conducted by Donahue et al. has recently received attention [72] . That study triggered renewed arguments about the safety of maternal influenza vaccination. Donahue et al. reported an increased risk of spontaneous abortion (adjusted OR = 2.0; 95% CI, 1.1-3.6) in women who received an influenza vaccine 1-28 days before the diagnosis of spontaneous abortion. In response to the subsequent criticism and debates about their report, the authors defended their findings, stating that despite not being able to escape from the limitation of residual confounding, the considerable robustness of their study design implied that the increased SAB risk found in their study was not a false positive [73] . Although we could not evaluate the risk of fetal death in the period examined by Donahue et al. due to limitations in the available information, we still analyzed the most recent high-quality publications, and on that basis might suggest that the inactivated influenza vaccine administered during pregnancy did not increase the risk of fetal death.
Two randomized placebo-controlled studies investigated the efficacy and safety of maternal influenza vaccination in South Africa and South Asia, respectively. Madhi et al. (2014) [10] reported higher rates of stillbirth (1.4% vs. 0.9%), PTB (10.5% vs. 9.4%), and LBW (13% vs. 12%) in the vaccinated group than in the unvaccinated group, but did not present statistical significance. Steinhoff et al. (2017) [12] reported that maternal influenza vaccination reduced the LBW rate by 15% (95% CI, 3%-25%) but did not significantly affect the rate of SGA. They also reported low proportions of stillbirth (1.7% vs. 1.8%) and congenital defects (1.0% vs. 1.1%), but did not specify the significance.
The meta-analysis of Nunes et al. (2016) , comprising 18 observational studies [47] , reported that inactivated influenza vaccination during pregnancy had protective effects on PTB and LBW. Inactivated influenza vaccine reduced the risk of PTB and LBW by about 8%-13% and 12%-26%, respectively [47] . Another systematic review by Fell et al. (2014) included 1 RCT and 26 observational studies. They reported a modestly reduced risk of fetal death and PTB, noting the need for a cautious interpretation of the protective effect due to the shortcomings of observational studies [39] . Bratton et al. (2014) assessed 7 observational articles on fetal death (stillbirth or spontaneous abortion). They concluded that vaccinated women had about a 27% lower risk of stillbirth than unvaccinated women [48] .
However, McMillan et al. (2015) reported that influenza vaccination during pregnancy was not associated with the risk of fetal death and spontaneous abortion, in agreement with our findings. No associations were found for congenital malformations in women vaccinated during their first trimester [49] . Polyzos et al. (2015) assessed the risk of congenital anomalies after influenza vaccination in 14 cohort studies and 1 case-control study. They also reported no association for major malformations or congenital defects, regardless of the trimester, agreeing with our study [50] . The most recent cohort study, conducted by Getahun et al. In the LBW and SGA meta-regression analyses in our study, the significant summary estimates from cohort studies alone became null effects after adjusting for season at vaccination and income level of the country. These results might be attributable to temperature exposure (cold season) [75, 76] since seasonal influenza vaccination is usually administered during late fall to winter, along with nutritional and medical support for pregnancy outcomes [77] .
A consistent null association between maternal influenza vaccination and adverse birth outcomes was confirmed in this study, and the need for a cautious interpretation of the beneficial birth outcomes reported by previous observational cohort studies was underscored [78] . The recent WHO report also concluded that the evidence for maternal immunization reducing adverse birth outcomes is conflicting. Numerous observational studies, as well as meta-analyses and systematic reviews including those observational studies, cannot escape the possibility of substantial bias, which is the main reason why the WHO report did not present a definitive statement on maternal immunization [55] .
Strengths and limitations
A major strength of this study is that it presents an up-to-date literature review, including the highest number of reasonable-quality articles. In addition, this study did not restrict the study design in the search step (only excluding cross-sectional studies), so we included RCTs, cohort studies, and case-control studies. We applied a Bayesian 3-level random-effects model that considered study design hierarchy to synthesize the adverse birth outcomes from different types of study design. Through this method, we obtained different results for adverse birth outcomes from the above-mentioned traditional meta-analyses [39, 47, 48] , and compared the summary estimates across different study designs. Additionally, when we conducted a traditional meta-analysis comprising all cohort studies included in this analysis, the results were different from the Bayesian meta-analysis for cohort studies only. The traditional meta-analysis for cohort studies showed that the risks for PTB (OR = 0.91, 95% CI: 0.85-0.98) and fetal death (OR = 0.81, 95% CI: 0.72-0.90) were significantly reduced in the vaccinated group, but the risks for LBW(OR = 0.93, 95% CI: 0.87-1), SGA (OR = 0.97, 95% CI: 0.94-1.01) and congenital malformations (OR = 1.02, 95% CI: 0.97-1.09) were not (S6 Table) . Our up-to-date Bayesian meta-analysis comprising only cohort studies presented significantly (P(OR<1) of over 90%) reduced risk for PTB, LBW, SGA, and fetal death, but after adjusting for season and income level as covariates, only fetal death remained significant. These results have the notable implication that different statistical models yield different results, so we should be cautious in interpreting the results.
Bayesian methods are becoming more common in a number of areas of healthcare research, including meta-analyses [58] . Using this type of model is highly advantageous for overcoming heterogeneity across studies. The advantages of Bayesian methods are that past experience or expert opinion can be used as prior information and the quantity of interest such as the credible interval (CrI) or the hypothesis can be directly interpreted as the probability based on the posterior distribution. In addition, Bayesian methods do not require a large sample size assumption, so they can provide accurate inferential results when the number of samples is small [79] . Furthermore, Bayesian methods can improve the precision by using a hierarchical model. However, in random-effects models, precision decreases with increasing heterogeneity, and confidence intervals widen correspondingly [80] . If other studies with different 3-level study designs, as used in our study, were to be included in a meta-analysis, the width of the resulting confidence interval might be increased in comparison to that of each individual study.
Although we tried to overcome study design heterogeneity by using Bayesian methods, this study did include many cohort studies, making it vulnerable to biases and making our study somewhat dependent on the outcomes from cohort studies. However, as explicitly stated throughout the Discussion section, when we compared our summary estimates to those of cohort studies, different conclusions were drawn. Therefore, our new Bayesian meta-analysis has novel implications. Another limitation is that incomplete information on vaccine type, the exact perinatal period, and the season when the vaccine was administered hindered us conducting a fully comprehensive covariate analysis; even though we gathered many variables in the primary data acquisition steps, we could not incorporate these variables fully in the metaregression. The presence of few studies from low/middle-income countries is another limitation. Since few adverse birth outcomes occur in high-income countries, the small amount of data from low/middle-income countries cannot provide convincing evidence whether maternal influenza vaccination plans should be primarily implemented in low-resource countries. Post-marketing RCT studies might be conducted, as they have been suggested by the Food and Drug Administration as a maternal vaccination benefit-risk assessment tool when clinical trials are not appropriate before marketing authorization [81] .
Conclusion
In conclusion, this research presented additional evidence that maternal influenza vaccination is not associated with harmful effects on birth outcomes. The beneficial effects reported from previous studies on preterm birth, low birth weight, and fetal death could not be confirmed. 
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